Abstract. Numerical models of three-dimensional, thermal convection in highly viscous spherical shells with different combinations of internal and basal heating consistently have upwelling concentrations in the form of cylindrical plumes and downwelling in planar sheets. As the proportion of internal heating increases, the number of upwelling plumes increases, and downwelling sheets become more vigorous and time-dependent. With any amount of basal heating, the entire convective pattern, during its evolution, is anchored to the upwelling plumes. As the proportion of internal heating increases, the heat flow carried by the upwelling plumes remains a large fraction of the basal heat flow. Downwelling sheets carry only a minor fraction (approximately 30%) of the basal heat flow (even when the shell is entirely heated from below), but they advect almost all of the internally generated heat. The relatively large number of plumes in the Earth's mantle (inferred from hotspots), the possibility that downwelling slabs are vigorous enough to penetrate the lower mantle, and the small fraction of terrestrial surface heat flow carried by plumes all suggest that the mantle is predominantly heated from within.
Introduction
Convective circulation in the Earth's mantle is distinctly threedimensional and time dependent. No stronger evidence of this exists than in the very surface expression of mantle convection, i.e., plate tectonics with its diverse, migrating plate boundaries and wide distribution of hotspots. Indeed, the combination of threedimensionality with sphericity in numerical simulations of mantle convection can account for some major features of plate tectonics: for a wide range of heating modes and a simple Newtonian rheology, planar sheets of downwelling and concentrated cylindrical plumes of upwelling are the basic forms of vertical transport (Bercovici et el., 1989a,b; Glatzmaier, 1988; Baumgardner, 1988) , in agreement with the occurrence of descending slabs and plumes in the mantle. However, the lack of any active sheet-like upwelling in the numerical simulations correlates with evidence suggesting that mid-ocean ridges are passive features (Lachenbruch, 1976 Although sheet-like downwelling and cylindrical plume-like upwelling occur over a wide range of heating modes, convective patterns depend on the style of heating. The strength and number of upwelling plumes, the structure of sinking sheets and the nature of time dependence all change with heating mode. These effects of heating mode have particular significance for the Earth's mantle which is both heated from below by the hotter outer core and from within by radiogenic heat sources and secular cooling. While thermal histories indicate that the mantle is 70% to 80% internally heated (Schubert et el., 1980; Davies, 1980 Case III (50% heating from within) is similar in planform to case I (Figure 1) . However, the radial velocities of the upwelling cylindrical plumes and downwelling planar sheets are comparable. With internal heating, the thermal boundary layers have roughly equal temperature drops, hence the buoyancies of upwelling and downwelling regions are comparable. As in case I, upwellings conserve their plume-like structure as they traverse the shell. However, the downwelling sheets, while undergoing some dispersion as they approach the bottom boundary, maintain their coherence more than in case I (Figure la) .
The convective pattern of case III evolves in the same manner as that of case I (Figure lb) . Upwelling plumes again tend to coalesce and reduce their number. Even with internal heating, the existence of strong upwelling plumes controls the time-dependent nature of the convective planform; plumes anchor the rest of the pattern to their own slow drift. However, the minimum number of plumes achieved is greater than for case I; case III finally has four separated plumes while case I has three plumes, two of which are very close to one another. The intensity and coherence of the downwelling sheets in case III are greater than in case I. Hence it is more difficult for the upwelling regions to breach the sheets as they attempt to fuse.
The convective pattern of case IV (80% heating from within) resembles that of case II, except that the upwelling regions are more well defined (Figure 2) . Downwelling is again in the form of sheets and cylinders, while upwelling takes place in many (on the order of ten) small cylindrical plumes. As in case Ill, upwelling and downwelling velocities are comparable and the downwelling sheets maintain their integrity as they approach the bottom of the shell (Figure 2a) . Downwelling sheets in case IV are relatively short-lived and display a very chaotic evolution. Although it is difficult to follow the pattern evolution in Figure 2b , more detailed analysis of the results shows a continuous formation and dispersal of downwelling sheets. While the upwelling plumes grow and diminish in vigor, they do not migrate significantly; even with a small amount of basal heating, the convective pattern remains essentially anchored to the upwelling plumes.
Heat Flow
Any amount of basal heating results in cylindrical plumes of upwelling. However, do the plumes only advect heat entering through the bottom of the shell or do they also carry heat generated internally? The best measure of a plume's heat flow is its advective heat flow near the middle of the shell (Glatzmaier, 1988) . The net advective heat flow across a spherical surface at some radius ro for compressible flow is (1) where tt r is the radial velocity, S 't is the nonspherically symmetric part of the specific entropy, 0 is colatitude, and O is longitude; S t is used instead of the total entropy because, by conservation of mass, the net advection of any spherically symmetric quantity through a concentric spherical surface is zero. An estimate of the heat flow carried upwards by a plume can be made by integrating 
Discussion and Conclusions
Although these numerical models lack much of the reality of the Earth's mantle (e.g., higher Rayleigh numbers, variable viscosily, discontinuities from phase and/or compositional changes), their display of Earth-like features (planar descending slabs, cylindrical upwelling plumes) is a strong measure of the importance of three-dimensional flow in spherical geometry. Cylindrical upwelling plumes (and by inference, hotspots) are the signature of basal heating. Plumes carry about 60% to 80% of the heat supplied through the bottom boundary. Heat flow carried by plumes is therefore representative of the proportion of basal heating. Estimates of plume heat flow from convectively generated topography (Davies, 1988) The number of upwelling plumes also appears to be indicative of heating mode: an increase in the proportion of internal heating tends to cause an increase in the number of upwelling plumes (from 3 in case I to approximately 10 in case IV). The large number of hot spots at the Earth's surface therefore suggests a large component of internal heating in the mantle.
The calculations which are predominantly heated from within are most able to reproduce the style of convection in the Earth's mantle. Therefore, while hotspots indicate that there is a minor component of heating from the core, internal heating from the decay of radiogenic elements and sectilar cooling dominate.
